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Because of the large size of its cell bodies, the ab- 
dominal (visceral) ganglion of the sea hare, Aplysia, 
has  proven  a  useful  preparation  for  biophysical 
and  pharmacological  studies  of  central  neurons 
(1, 2, 7,  18).  However, the systematic study of the 
organizational properties of this ganglion has been 
seriously limited by an inability to recognize more 
than a very few specific cells from one preparation 
to another (3, 9, 17,  19). In order to overcome this 
difficulty we  have  identified twenty-nine of  the 
largest cells in the ganglion. The criteria for identi- 
fication include: location of the cell in the ganglion, 
peripheral  distribution  of  its  efferent  axon,  its 
synaptic input, spontaneous activity, synaptic con- 
nections with other identifiable cells,  and its ap- 
pearance under the light and electron microscopes. 
The usual position of each of the 29 identified cells 
is indicated in Fig. 1, which is an idealized drawing 
of the dorsal and ventral surfaces of the ganglion. 
The  availability of these identifiable cells, which 
can now be studied with both physiological and 
morphological methods, makes it possible to corre- 
late cellular structure and function in this ganglion. 
The present report describes a  combined electro- 
physiological and morphological study on a cluster 
of distinctive identified cells. A  more detailed re- 
port on all the identifiable cells is in progress (8). 
Under the dissecting microscope all neurons on 
the left side of the ganglion, identified as well as 
unidentified,  appear  translucent  and  orange- 
colored.  On  the  right  side,  in  addition  to  the 
colored neurons, there are a number of cells which 
are opaque and white. The white cells are stippled 
in Fig.  1 and are designated R3 to R15. Eleven of 
these ceils, R3 to R13, form a cluster in the rostral 
part of the ganglion. The number of clearly visible 
white  cells in this cluster  may vary,  in different 
ganglia,  from  six to  eleven.  Two  solitary  white 
cells, R14 and R15, are found in the caudal part 
of  the  ganglia.  Because  they  differ  in  certain 
respects from the white cells in the rostral cluster, 
the  two  caudal  white  cells  will  be  described  in 
more detail in the later paper (8). 
In  Aplvsia  californica,  the  white  cells  contain 
droplets  that  are  stained  faintly by  chromalum 
hematoxylin  or  paraldehyde  fuchsin,  two  basic 
stains  for  the  demonstration  of  neurosecretory 
material  in  the  light  microscope.  In  1935  and 
1937,  Berta  Scharrer  reported  that  some cells in 
the  abdominal ganglion of either Aplysia  limacina 
or  Aplysia  depilans contained  many droplets  that 
were presumed to indicate neurosecretion (13, 14). 
It is likely that the white cells in A. californica are 
homologous to  the neurosecretory ceils described 
by Scharrer in the European species of Aplysia. 
In osmium tetroxide-fixed and plastic embedded 
material,  the white  cells can be located  by their 
large  size  and  distinctive position.  It  is  possible 
to  further  characterize  them  by  the  presence  of 
cytoplasmic  granules.  The  granules  are  round, 
vary in diameter from 1000 to 4000 A, and possess 
large  osmiophilic  cores  (Fig.  2).  Thus,  they  re- 
semble the "elementary neurosecretory granules" 
seen in unidentified cells in this ganglion by Rosen- 
bluth (12)  and Simpson et al.  (16), or in the cells 
of established neuroendocrine systems such as the 
supraoptico-hypophysial  system  in  vertebrates 
(11).  It  is  presumed  that  these  granules,  either 
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FIGURE 1  Idealized drawings of the dorsal and ventral surfaces of the isolated abdominal ganglion  of 
Aplysia  californica indicating position of the identified  cells.  The white cells  are  stippled.  Cells  R3  to 
R18 form the rostral white cell  cluster; RI4 and RI5 are the two caudal white cells. 
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as  "neurosecretory"  droplets  under  the  light 
microscope. 
In order to provide additional evidence for the 
neurosecretory nature of these cells, the destination 
of their processes was followed. Each rostral white 
cell was found to send an axon into the branchial 
nerve,  and  many  fingerlike  processes  into  the 
sheath  which  surrounds  the  ganglion  (Fig.  2,  in- 
set).  Both  the  processes  and  the  axons  are  filled 
with the same type of granules which characterize 
the cell body.  Serial  sections for the light micro- 
scope  revealed  that  the  processes  end  within  the 
sheath  and  do not  travel to  the periphery  or re- 
enter  the nervous  system.  Thin  sections  taken  at 
points just beyond the termination  of these proc- 
esses,  as demonstrated  by  light  microscopy, show 
that  the granule-filled processes end in the sheath 
and do not continue as axons too small to be seen 
with  the  light  microscope.  Extensive  search  by 
both light and electron microscopy did not reveal 
any  contacts  between  the granule-filled processes 
and muscle or other effector cells. 
It was further  possible to demonstrate  that  the 
sheath  and  the  cell  processes  which  terminate 
within it have the morphological characteristics of 
a  neurohaemal  organ.  The  outer  surface  of the 
sheath  lacks a  continuous  cell layer  (6),  and  only 
the  extracellular  components  of the  sheath  sepa- 
rate  the granule-filled processes of the white cells 
from the blood within the haemocele in which the 
abdominal  ganglion  lies.  Furthermore,  it  was 
possible  to  demonstrate,  by  serial  sections  of 
ganglia after injection of opaque materials into the 
aorta,  that  arterial  blood is emptied directly into 
the  interstices  of  the  sheath,  and  that  there  it 
comes into contact with the granule-filled processes 
(6).  The  presence  of  granule-filled  neuronal 
processes  that  end  without  establishing  contact 
with other axons or with effector cells in a  vascu- 
larized  sheath  establishes  this as a  "neurohaemal 
organ"  (4).  These findings all support  the notion 
that the rostral white cells are neurosecretory. 
The availability of a  clearly identifiable cluster 
of large cells which are neurosecretory  by several 
morphological criteria made it possible to investi- 
gate their  neurophysiological properties  using in- 
tracellular recordings. This is of especial interest, in 
view of the paucity of detailed data on the electro- 
physiological properties  of neurosecretory  cells in 
other  invertebrates.  Frequently,  two  white  cells 
or one white cell and a  neighboring nonwhite cell 
were  impaled  simultaneously  in  order  to  obtain 
comparative  data  on  neurosecretory  and  non- 
secretory ceils. 
The electrophysiological properties of the white 
cells in the rostral cluster were quite uniform. The 
cells tended  to  fire  spontaneously  at  a  slow  and 
highly regular rate of about 0.5 to  1 impulses per 
second.  The regularity in rate was due to an ab- 
sence  of  spontaneous  synaptic  potentials  which 
modulate  the  discharge  pattern  of most  actively 
firing cells in  the  ganglion.  The  action  potential 
had a duration of about 20 to 25 msec, which was 
twice that of most neighboring cells. The spike was 
usually  followed  by  a  relatively  small,  hyper- 
polarizing  afterpotential  which  differed  from  the 
larger after-hyperpolarization typical of neighbor- 
ing  nonneurosecretory  cells  and  of  most  spon- 
taneously  firing,  identifiable  neurons  in  the 
ganglion.  All of these white cells, without  excep- 
tion, could be activated antidromically by stimu- 
lating the branchial nerve, confirming the morpho- 
logical  evidence  that  a  neurosecretory  tract 
emerges in that nerve (Fig. 3). 
In addition to lacking spontaneous  synaptic in- 
put  from  interneurons,  the  white  cells also  gave 
relatively weak  synaptic  responses  to  stimulation 
of  the  major  axon  pathways  into  the  ganglion. 
Single shocks delivered to the two connectives or to 
the genital or siphon  nerves usually produced  in- 
significant  or  slight  effects  on  the  spontaneous 
firing rate.  Single stimuli to  the  branchial  nerve 
did  produce  slowing,  but  this  was  probably  at- 
tributable  to  the  hyperpolarizing  afterpotential 
following the antidromic spike. This slowing could 
be  simulated  by  interjecting  a  directly  initiated 
spike. Trains of stimuli (6 to  10/sec, for I  see) did 
produce changes in firing rate of most white cells, 
consisting of a  slight increment  followed by  slow- 
ing  (Fig.  3).  But  even  the  responses  to  stimulus 
trains  were  minor  when  contrasted  with  those 
which  occurred  in  all  identified  pigmented  cells 
and in the many unidentified cells, including those 
which  form  the  outer  margin  of  the  white  cell 
cluster (Fig. 3 and reference 8). 
A  weak response  to  nerve stimulation  was also 
seen in some small cells which lie with the white 
cell cluster on the ventral side  (unlabeled  cells in 
Fig.  1).  It is possible that these are nonneurosecre- 
tory cells that have some of the same physiological 
properties as the white cells, but it is also possible 
that  the  cells in  question  are  neurosecretory,  by 
the morphological criteria outlined above, and do 
B  R  I  E  F  N  O  T  E  S  365 FIGtmE ~  An electron micrograph of the nucleus and perinuclear cytoplasm of a white cell.  Note the elec- 
tron-opaque neurosecretory granules. The insert is a  drawing of two typical white cells,  showing the 
multiple processes ending within the sheath, and the single axon that enters the branchial nerve. The fine 
processes within the sheath, and the axon in the branchial nerve, are also filled  with the electron-opaque 
granules. 
366  BRIEF  NOTES :Co oe ,,v  1t.111' "1.   1tt1 11  '1111111tl  '111 
tt 
R. Connec|ive  ~' '  /  !  ! ~  ''  Z  j:  !  ~  '  ._~  ~l"--:"-~  ~--  l,  A---~'-  I ILl   llt!L111[  t  11tl, 
tt 
Ge one e  :ltlJl   :1t  t   11111i  llltl  ttlJt 
r-~-  ]  -  r~i--  =-~-  -]-:r-Z---a-  ]- -z  ~-]--  ~-r~  -g  ]- -r- 
tl 
tt 
b  llBranchia I 
R. Connective 
tt 
Siphon nerve  i  f 
it  _rj 
nerve 
FIGURE 3  Responses of white and pigmented cells to stimulus trains (8/sec for 1 see) applied  to afferent 
nerves and connectives. The duration of the train is indicated by the arrows. Fig. 3  a  is a  simultaneous 
recording from two white cells in the rostra] cluster, fig. 3  b is a  simultaneous record from a  white cell in 
the rostral cluster on the dorsal surface (lower trace)  and  from  a  neighboring  pigmented  cell  (upper 
trace).  Note that the stimulus trains produce only weak responses in the white ceils (Fig. 3  a  and lower 
trace of Fig. 3  b) and brisk responses in tile pigmented cell (upper trace in 3 a). Responses of the white cell 
ranged fronl practically nothing (upper trace in a  and lower trace in b)  to a  slight or moderate slowing 
(lower trace in a). Fig. 3 c is a simultaneous recording fronl two white cells showing the antidromic action 
potentials which follow stimulation of the branchial nerve. The voltage calibration  at the beginning of 
the sweep in a and b is 10 mv. The time calibration  in b applies to both a and b and is ~.5 sec. The calibra- 
tions for c are ~0 mv and 40 msec. 
BRIEF  NOTES  367 not  appear  white  because  they  are small  and/or 
deep to other cells and/or do not contain as high a 
proportion of elementary neurosecretory granules. 
To  resolve  this  question,  it  will  be  necessary  to 
mark  these  cells  with  recording  microelectrodes 
and  then  examine  them  in  the  electron  micro- 
scope. 
One of the most interesting features of this cell 
cluster  is  that  the  cells are  an  opaque  white,  in 
contrast to the vast majority of neurons which are 
transparent and pigmented. The white appearance 
is  particularly  evident  when  the  ganglion  is 
illuminated  by  rejected  light.  A  white  or  bluish 
white  appearance  of  neurosecretory  cells  and 
neurosecretory  organs  is  well known  in  inverte- 
brates  (4,  5,  15,  20).  Since  the  perikarya  of the 
rostral  white cells in  Aplysia differ from the  peri- 
karya of neighboring cells mainly by their content 
of innumerable  elementary  neurosecretory  gran- 
ules,  it  is  probable  that  it is  the  granules  which 
cause  the  cells  to  appear  opaque  and  white.  A 
similar  conclusion  was  previously  reached  by 
Maynard  (10)  in  a  study  of neurosecretory  cells 
in  crustacea.  Maynard  (10)  proposed  that  the 
distinctive appearance  of the neurosecretory  ceils 
was  due  to  the  presence  of small  particles,  pre- 
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